Flexible microcomponents are being widely employed in the microelectronic industry; however; they suffer from a lack of complex movement. To address this problem, we have developed flexible, electrically conductive, magnetic composite fibres showing complex motion in three dimensions with the capacity to be selectively actuated. Flexible carbonbased fibres were prepared by wet-spinning and were subsequently modified by electrodepositing Co-Ni. The high aspect ratio of the fibre (40 μm diameter, 3.5 cm length) causes a directional dependence in the magnetostatic energy, which will allow for anisotropic actuation of the composite. Thus, the application of magnetic fields allows for a precise control of the movement with high reproducibility and accuracy.
. Summary of the CNT and carbon black characteristics supplied by the manufacturers.
Carbon nanomaterial Product name
Diameter (nm) Length (mm) Structure
Carbo nanotube Nanocyl TM NC7000 9.5 1.5 Amorphous
Carbon black Super P Carbon black 30-40 ---Amorphous

Methods
Flexible magnetic composite fibres were prepared by a two-step process as illustrated in Figure 1 . First, carbon-based fibres were prepared by wet-spinning using two different dispersions: (i) 100% CNTs and (ii) 90% CNT and 10% CB. Carbon nanomaterials (dispersion (i): 0.1 wt.% CNT, dispersion (ii) 0.09 wt.% CNT and 0.01 wt.% CB) were dispersed in water using sodium dodecyl benzene sulphonate (SDBS) (0.15 wt.%) as dispersant. A horn sonicator (amplitude: 30 %, power: 500 W and frequency: 20 kHz) was employed to break the aggregates and facilitate the dispersion of the carbon nanomaterials. During sonication, the dispersion was immersed in a water/ice bath in order to avoid overheating. After that, the dispersion was extruded out of a spinneret at 10 ml/min into the coagulation bath -0.25
wt.% chitosan and 0.5 wt.% CH 3 COOH-where the coagulation and fibre formation took place. The coagulation bath was rotated at 50 rpm. Fibres could be made in lengths of up to a meter at a time. Finally, fibres were extracted, washed and dried under tension.
In a second step, Co-Ni electrodeposition onto the dried fibres was carried out employing the following electrolyte: 0.2 M CoCl 2 , 0.9 M NiCl 2 and 0.5 M H 3 BO 3 . The pH was adjusted in the range 1-3 with HCl. Solutions were de-aerated by argon bubbling before and during the experiment. Electrochemical experiments were carried out in a conventional threeelectrode cell. The carbon-based fibres were used as the working electrode while the reference and the counter electrodes were Ag/AgCl/1 M NaCl and a platinum spiral, respectively. Voltammetric experiments were carried out at quiescent conditions at a scan rate of 100 mV s −1 . Co-Ni electrodeposition was performed by chronoamperometry.
Scanning electron microscopy (SEM) was employed to characterize the morphology of the fibres before and after electrodeposition using a Hitachi H-4100FE and a JSM 7100 microscope. Energy dispersive spectroscopy (EDS) was performed to qualitatively determine the elemental composition. Raman microscopy was carried out using a Renishaw inVia spectrometer with a 532 nm laser. Electrical conductivity was evaluated by the four-probe method, where a constant current was applied and the resultant voltage measured by a Keithley 2001 multimeter. Magnetic measurements were taken in a SQUID magnetometer at 300 K in a helium atmosphere. The magnetisation-magnetic field curves were recorded maintaining the samples parallel and perpendicular to the applied magnetic field. Magnetic actuation of the fibres (40 μm diameter, 3.5 cm length) was carried out in a home-made system consisting of custom-made coils oriented along three perpendicular directions.
Quantitative results for actuation were obtained in a Helmholtz configuration. Each coil was made by ∼1100 turns with 4 mm diameter wire and had 5 and 2 cm of outer and inner diameter, respectively. The magnetic field was achieved by connecting the coils to a waveform generator (TTi TGA1244) commanded by a current amplifier (IMG STA-800) to generate the oscillating field or to a DC power to obtain a constant magnetic field. Different frequencies (1 and 5 Hz) and magnetic field strengths (1-5 mT) were applied to study their influence on the fibres motion. Three different fibres were actuated to study reproducibility. 
Results and Discussion
Flexible Co-Ni-CNT-CB composite fibres were prepared by a two-step process. First, carbonbased flexible fibres were prepared by wet-spinning. Two different dispersions were spun into a chitosan polymer coagulation bath i) 100 % CNTs and ii) 10 % carbon black and 90 % CNTs. The synergistic effect of combining carbon nanotubes and carbon black has been previously shown [35] . Both of these fibres were conductive with electrical conductivities of 10 and 15 S/cm respectively. The mechanical properties of the fibres, made from dispersions with 10 % carbon black and 90 % CNTs, were superior to fibres spun from dispersions containing 100% CNTs as can be seen in Figure 2a . Tensile strengths of 22.9 and 13.8 MPa and breaking strain values of 1.5 and 2.8 % were measured for the CB-CNT and CNT fibres respectively. The higher tensile strength and higher strain values of the CB-CNT fibres indicates their capacity to withstand bigger loads and experience higher elongations before breaking. Moreover, the Young modulus (E) calculated from the linear part of the stress-strain curve shows that carbon black-CNT based fibres had superior stiffness (E = 18.8
MPa) than CNT fibres (E = 11.4 MPa). This means that CB-CNT fibres have higher rigidity and therefore lower elastic deformation. Overall however, the stiffness of these fibres is very low meaning they are deformable and therefore flexible; the E values measured are of the same order of magnitude as polymer based composites such as low-density polyethylene (LDPE) and some rubber-based composites [21] . There was also an improvement in the electrochemical properties of the CB-CNT fibre -higher current, more square shapecompared to fibres spun from dispersions containing 100% CNTs (Figure 2b ). For these reasons, the fibre made from the 10 % carbon black and 90 % CNT dispersion was taken forward for electrodeposition of the magnetic alloy. After cleaning and drying longer fibres under stress, they were shortened and employed as electrodes for the electrodeposition of the Co-Ni alloy. This latter step was carried out to confer magnetic properties to the fibres.
Devices containing Co-Ni have been successfully used for magnetic actuators [36] or magnetic micromechanical structures [37] . The Co-Ni system was selected because Co increases the magnetisation of saturation of the system while nickel improves the stability and corrosion resistance of the material [27] . In order to select a suitable electrodeposition potential, an electrochemical study was performed. Cyclic voltammetry was carried out in order to study the potential range at which both metals can be simultaneously electrodeposited. The electrolyte composition was selected considering not only the standard potential of Co (E° = -0.499 V) and Ni (E° = -0.470 V) but also the anomalous codeposition of the Co-Ni system, where the less noble metal (Co) is electrodeposited more easily [39] . Therefore, the concentration of the Co salt in the electrolyte (0.2 M) was lower than that of the Ni precursor (0.9 M). The high concentration of the cationic metals in the electrolyte and the electrocatalytic properties of the deposited metals with respect to hydrogen evolution explain the nonobservance of a clear reduction peak. During the positive, anodic scan, a single oxidation 9 peak was recorded. This unique peak is attributed to the oxidation of a Co-Ni solid solution formed during the cathodic scan. This result is in agreement with previous reports [27] and the Co-Ni phase diagram, where total miscibility between the two metals is observed [39] . The deposition of Co-Ni onto the fibres was carried out potentiostatically, with an applied potential of -1100 mV in order to favour a high deposition rate of the alloy while avoiding hydrogen evolution that could hinder metal incorporation into the fibres. The inset in Figure   2c shows a representative chronoamperometric curve corresponding to a potentiostatic CoNi deposition on the carbon-based fibre. The shape of the curve is typical of a nucleation and growth deposition process followed by a stabilisation in the current when the deposition attains a steady-state regime. After electrodeposition, the Co-Ni alloy content represents 35% of the total fibre weight.
Scanning electron microscopy was used to characterise the composite fibres before and after their modification with the Co-Ni alloy. Carbon-based fibres showed diameters in the range of 40-50 µm with a corrugated surface structure aligned along the fibre axis ( Figure   3a ). The fibre cross-section allows the observation of CNTs and carbon black nanoparticles in the fibre core while the chitosan polymer forms a shell around them (Figure 3b ). After CoNi deposition no noticeable differences in the fibre surface morphology was detected , depending on where on the fibre the spectrum was taken from. Peaks due to cubic NiO can also be seen at 510 cm -1 , which shifted to a higher frequency of 540 cm -1 in Figure 4b , which has been attributed to substitution of Co for Ni in the spinel structure.
These results suggest that the Co-Ni modification of the fibre yields a mixture of deposits with different stoichiometry and structure as previously reported which have a surface oxide layer [42] . First, a unidirectional magnetic field was applied to the fibres in either the x, y or z direction.
The fibres responded to all fields, acting as a pendulum and trying to align to them. the two frequencies (1, 5 Hz) can also be observed which is attributed to the magnetic field frequency dependence. In the low frequency range (1-15 Hz) the higher the frequency, the higher the magnetic field strength, and hence the higher the height. An influence of the applied frequency was also observed. When the frequency of the magnetic field was increased from 1Hz to 5Hz, the fibre moved faster as the number of oscillations per unit of time was higher. For example, at a =1Hz, the fibre completes 1 cycle of the oscillating magnetic field, while at a =5Hz, the fibre is able to make 5 cycles in the same time. These results demonstrate that the fibre's height, and therefore the motion, can precisely be controlled by modifying the magnetic field parameters (frequency and strength). To better analyse the height-magnetic field dependence, the fibre height was monitored against the magnetic field strength applied with coils in a Helmholtz configuration. Figure 6c shows the deflection of the fibre from the equilibrium position as a function of the applied magnetic field. To compare the symmetry of the pendular motion, the fibre deflection in both sides of the motion (near the two coils) is represented. As it can be observed, the higher the magnetic field applied, the higher the height achieved by the fibre. On the other hand, a symmetric motion is recorded as fibres reach almost the same height at the same magnetic field strength. High reproducibility in the measurements was checked. These results demonstrate that the fibre's height, and therefore the motion, can be controlled by modifying the magnetic field parameters (frequency and strength). Fibres were also actuated in 2D rotating fields generated by simultaneously applying oscillating fields in x-y, y-z or x-z planes. Coupling two oscillating fields applied in two perpendicular directions generated a rotating field in the corresponding plane (Figure 7a ).
Thus, when an x-y rotating field was applied the fibre circled in the corresponding plane as it tried to align to the generated rotating field. Again, the magnetic field frequency and intensity applied to the fibres were modified (Videos S4, S5 and S6, supporting information).
While the frequency of the field has an impact on the angular velocity, the field intensity influences the diameter of the circle traversed. Thus, the higher the frequency, the higher the angular velocity, and the higher the magnetic field, the higher the diameter navigated by the fibres.
Figure 7.
Cartoons representing (a) the circle described by the fibre when a rotating magnetic field is applied, (b) the circles at certain heights when an increasing dc magnetic field is simultaneously applied to the rotating field.
Fibres were also actuated by applying a rotating field in the x-y plane while simultaneously applying a continuous field in the z direction (as described in Figure 7b ). This combination of fields allowed the fibres to be actuated in 3D. When the dc field applied in the z direction was constant, the fibre tracked a circle at a certain height (Videos S6, S7 and S8, supporting information). The height was dependent on the intensity of the applied field: the higher the applied dc field, the higher the height achieved by the fibre. On the other hand, if the dc z magnetic field was continuously modified, the fibre had a helical motion from the lowest to the highest point.
From these experiments, reversible and reproducible actuation of the magnetic fibres can be observed in one, two or three directions even after thousands of cycles. The different modes of motion are feasible due the cylindrical shape of the fibres and therefore the inherent magnetic anisotropy and flexibility. Recently, magnetic composites have been prepared by depositing a magnetic material on polymeric flexible membranes as PDMS or incorporated in the form of particles inside polymers during their preparation process [20] [21] [22] . Primarily, these papers report the actuation of membranes in one direction and a few for deflection and twisting. The mechanical properties of these composites are similar in terms of tensile strength to our fibres. However, one disadvantage of our fibres is the low strain values measured when compared with those composites. In summary, multifunctional fibres have been fabricated with the following advantages: they are flexible and electrically conductive, they show simple and complex motions -oscillation in one direction, rotation in a plane and helical motion in 3D-showing reproducibility even after thousands of actuating cycles and they can be easily prepared without the need for complicated techniques to facilitate magnetic patterning. These fibres may be suited for applications such as magnetically controlled components for MEMS.
Conclusions
In summary, we have successfully developed magnetically actuated flexible Co-Ni-carbon composite fibres in a two-step process. Fibres show triple functionality -flexibility, electrical conductivity, magnetic properties-which make them interesting for MEMS. The actuation of the fibres in a unidirectional oscillating magnetic field leads to a pendular motion of the fibre. The height achieved by the fibre can be controlled by tuning the magnetic field strength. Moreover, applying more complex fields allows the in-plane rotation or the helical motion of the fibres. The interaction of the magnetic anisotropy associated with the shape and different applied magnetic fields allows the actuation of the microscale fibres in 1D, 2D
or 3D. The flexible fibres with magnetically driven and directional mechanical responses with high reproducibility even after thousands of cycles could be successfully employed for remote directional manipulation of soft actuators, valves, and motors and for other soft robotic applications at the microscale. Table 1 Figure 1
